We have developed 2.2-inch diagonal (132 x RGB x 162 dots) Color Passive-matrix Organic Electroluminescent (OEL) Displays through the use of patterned lateral RGB emitters, and have started the pilot production. The devices have achieved practical level in their performance. The organic electroluminescent layers and the metal cathodes have been fabricated using metal shadow (slits) masks. Further examination of the panel fabrication process and the organic materials has been made, and the results have been applied to the display devices. The organic electroluminescent device structure of the display panel is a four-layer stack consisting of a hole injection layer, a hole transport layer, an emitting layer, and an electron transport layer. The display pixel consists of three-color elements, which are green, red, and blue. These three emitting materials, the hole injection layer and the electron transport material have been newly developed. The display panel has been encapsulated by a stainless steel cap and driven by the dual-scan method. That display is thin (2.5mm, the driver circuit included) and light (l Og, the driver circuit included), and has a wide range of viewing angles. That is proven to be practical for commercial purposes.
Introduction
According to the advance of information technology, the performance of electronic displays is expected to be higher. OEL is especially attractive in that they are thin, emitting displays and have a fast response time and low driving voltage. Since Tang et al. first introduced a doublelayer structure in 1987 [1] , the study of OEL devices has been vigorous. Monochrome [2] and multi color OEL displays [3] [4] [5] [6] [7] are now available in commercial form. In addition, a number of color OEL displays based on small molecular weight vacuum-deposited thin films have been developed through the use of patterned ROB emitters [8] [9] [10] [11] [12] . So the expectation of the color OEL displays is getting bigger. We had demonstrated the 5.7-Inch diagonal 1/4VGA sample panels using three color emitters with video rate imaging at the Japan Electronics Show (JES) from 1997 to 1999 and reported some results [8] [9] [10] . Recently, we developed the 2.2-inch diagonal Color Passive-matrix OEL Display for cellular phones, and started the pilot production. That cellular phone with 2.2-inch OEL Display went on the market in the autumn of 2001. We report this OEL display in this paper.
2. Structure and fabrication of display panel As shown in Figure 1 , the color OEL panel that we have developed has a multi-layer and simple matrix structure. The thickness of the multi-layer is less than 3000 angstroms. The organic zone that is sandwiched with the anode and the cathode consists of a hole4nj ection layer (HIL), a holetransport layer (HTL), an emission layer and an electron-transport layer (ETL). The emission layers for red, green and blue light are composed of individual organic materials. The organic zone has six kinds of layers; HIL, HTL, Red emission'layer, Green emission layer, Blue emission layer and ETL. Some of the materials used in these layers are common compounds, but others have been newly developed. The anode is made of indium tin oxide (ITO). Its sheet resistance is about 15 ohms/sq.. The cathode is made of aluminum-lithium alloy. Soda glass plates were used for the substrates of the display panels. When the normal bias voltage is 1. Photopolym. Sci. Technol., Vol.15, No.2, 2002 applied, light is emitted from each emission layer at points where the cathode (row line) and the anode (column line) intersect. The patterned ITO anodes on a glass substrate were fabricated by sputtering and wet etching processes. The widths of the anode line and the space were 0.054 mm and 0.034 mm, respectively. The organic materials were deposited by vacuum evaporation at less than 1 x 10-4 Pa on the cleaned ITO anodes. The HIL, HTL and ETL layers, which are common to every sub-pixel, were formed with a metal mask that had a full-screen-shape aperture. The emission layers of sub-pixels for three (RGB) colors were deposited one after the other using a metal mask that had 132 slits. As shown in Figure 2 and Figure  3 , the emission layers were formed by using the slits-mask and depositing method, respectively. The patterning of 0.264 x 0.272 mm pixels was done by using this slits-mask method ( Figure 3 ). The effective aperture ratio of each pixel in the panel was about 52%, as shown in Figure 4 . In this patterning process, it is essential to keep the distance between the substrate and the mask as close as possible, although it must not be zero (because thin organic layers are easily damaged by scrapes). The mask has no slack so it has to be `tensed' . As this method controlled independently the thickness and evaporation conditions of each color, it was able to attain the optimization of the thickness and the state of a layer easily.
A 162-slit metal mask was placed over the ETL, and the stripe-shaped cathodes were formed by evaporating aluminum and lithium metal from separate sources onto the surface of ETL. A seal cap made of stainless steel was attached to the glass substrate in dry nitrogen atmosphere in order to keep humid air away from the EL device. The OEL display panel module was completed by connecting the panel to the driving circuits (by using flexible printed circuits). 3. Organic EL materials and Pixel characteristics As described above, a sub-pixel of the developed color organic EL display has four layers of organic materials. Some organic materials used for the color organic EL display were already known and some other organic materials were newly developed. The Hit material was newly developed that was classified as an aromatic amine derivative. Known aromatic amine derivative was used for HTL. HIL and HTL were used in common
The new electron transport material is classified as a metal complex different from Alg3, and is also used in common for three-color emitters. Figure 5 shows the luminance versus applied voltage characteristics of test devices that have the same structure as sub-pixels for RGB colors in the panel. It shows that the luminance of the each color device reached more than 10,000 cd/m2 at the applied voltage of less than 15 volts. Figure 6 shows the luminance versus current density (current/emission area) characteristics of the same devices as in Figure 5 . As is clearly shown, the correlation between the luminance and the current density is linear. Therefore, the luminance of the display panels can be controlled by the injection current. High luminance at low voltage and fast response time make the passive matrix panels have sufficient performance for practical use, even the panels have 81 of scan lines. When the panels are operated under the condition of 1/81 duty factor and current density of 100 mA/cm2, the calculated luminance of the devices for green, blue and red colors are about 62, 29 and 30 cd/m2, respectively. These results mean that about 60 or more cd/m2
(without a filter) of maximum luminance for white should be calculated in the case of a color 132x162 display device of which the effective aperture ratio is 52%.
The lifetime, which is the half-decay time of the luminance when a constant DC current is injected to the test device, is about 10,000 hours for all colors, as shown in Figure 7 . The signals for these column numbers are outputted at once in parallel to the specified timing.
Since it has a relation with linear electric current and luminance as shown in Figure 6 , luminance is controlled by the electric current drive. The gray scale levels are 16 gradations and number of colors is 4096.
The row drivers scan the 81x2 cathodes of the EL display panel one by one using the timing signals from the signal controller. One of the 81 cathodes is grounded, and the others have a reverse bias because the current does not flow though pixels from the column lines. Only the pixels whose cathodes (the row line) are connected to the ground emit light by the luminance according to the current value from column lines. The frame frequency is 90 Hz, and the duty factor is 1/81.
A picture image can be acquired when the column drive circuit and the row drive circuit synchronize.
5. The defect of an organic electroluminescent displays The problem of a passive matrix drive has cross talk (unusual emission line) resulting from a depression of rectification and pixel short-circuit. Our analysis showed that this main cause was a microscopic foreign substance on an ITO substrate ( Figure 9 ). As for the microscopic foreign substance, it became clear by the elementary analysis that it was a flaw residue at the time of the ITO fabrication by sputtering and wet etching processes. This defect has improved 60% by reexamination of a pretreatment process and a washing process, and process optimization.
Moreover, dark spot is in the defect of organic electroluminescent displays. This is an un-emitting spot with a size of several microns broke out in EL devices. It turned out that this main cause is a scratches according to contact of the slit mask at the time of deposition, in addition to the microscopic foreign substance on an ITO substrate, as shown in Figure 10 . We carried out tension optimization of a mask as a measure to the scratches by slit mask contact. As a measure to the microscopic foreign substance on an ITO substrate, optimization of a substrate pretreatment process and a cleaning process was performed.
By these measures, the outbreaking ratio of dark spot has improved 50% or more. 
